A variety of techniques are presently available for x-ray imaging. One common technique employs an x-ray absorbing phosphor screen which emits optical radiation which exposes photographic film held adjacent the phosphor screen. This technique offers the advantage of high resolution, but is not effective for real time imaging because of the need to develop the film to obtain a visible image. Another alternative is the use of x-ray image intensifiers which are also generally used in digital radiography at present. While this system operates in real time, it suffers from the disadvantage that it produces relatively low resolution images as a result of optical scattering, imperfect electron optics, loss of sharpness in the optics coupling the image intensifier to the camera and other causes. In addition, it is bulky, fragile and expensive. Thus there is a need for alternative technologies in modern radiological imaging, particularly in digital radiography.
Semiconductor photosensitive imaging arrays are widely available today. These detector arrays, such as, charge coupled devices (CCD) and p-n junction silicon diode arrays are limited to small array area less than 3x5 cm2 which restrict their application for most medical radiation imaging [ 1 ,2] . These solid state arrays are capable of providing high resolution conversion of visible light images to electronic form. Unfortunately these arrays do not respond effectively to x-ray radiation. Thus a mediating x-ray sensitive scintillator is necessary to convert the radiation to visible light. However, a degree of diffusion of the luminescent photns occurs in the scintillator layer as a consequence of which the modulation transfer function (MTF) deteriorates for the detected x-ray image [3] .
In recent years, our group has begun to study the use of a new silicon alloy, hydrogenated amorphous silicon (a-Si:H), as a radiation detector [4] [5] [6] , which has the merit of good radiation hardness due to its random structure and can be fabricated in large area inexpensively. A matrix of position-sensitive a-Si:H pixels in conjunction with an array of thin film transistor (TFT) amplifiers and readout electronics ( Fig.1 ) may be considered as an alternative to detect radiation imaging with better spatial resolution, large sensitive area and lower cost than conventional devices. In Fig. 1 , the sensor photodiodes are made of a- Choice of a scintillator dependents on specific requirements for each detector application, namely, the type of radiation, speed requirement and spatial resolution. Csi(Tl), known as a most efficient scintillator for x-ray radiation, can produce 63,800 photons/Mev absorbed under optimal conditions [8, 9] . Moreover, the emission spectrum of Csl(Tl) is a good match to a-Si:H photodiode [lO] . Thus the combination of Csi(Tl) layer with a-Si:H diode pixel arrays is a good choice for large area, low cost, sensitive 2-D radiation detectors.
Since light spread inside a scintillator degrades the spatial resolution of a position sensitive detector, a fast bright scintillator with some built-in light guiding structure is desirable [ll] . In this paper, we present a new approach for the fabrication of a Csl(Tl) layer by forming a sequence of columns of regular, controlled size (diameter) perpendicular to the substrate (or detector), which endows the scintillator with a light collimating structure, thereby improving the resolution of the radiation detection. The preparation and morphology of Csl on patterned substrates are described in the next section. The measurements and properties of evaporated Csi(TI) layers, such as light yield, decay time and light spread inside scintillation layers are discussed. ·
II. PREPARATION OF THE Csi(Tl) FILM

A. Substrate Patterning
In order to optimize the scintillator microstructure the· Csl was deposited on various patterned substrates. The following procedure is the preferred one for creating a topographical surface comprising a plurality of individual islands that are spaced apart by intervening grooves. As a substrate we use )Si wafers (for dicing convenience) which was dehydrated in order to prevent the formation of bubbles inside a following coated polyimide layer. The photosensitive polyimide Du Pont PI 2722, which is a soluble polyimide precursor containing photosensitive materials, was spin-coated on the substrate surface to produce a polyimide l.ayer of-10-15 J.lm thick. After proper soft bake, the polyiinide film was directly patterned by standard photolithography techniques. The exposed polyimide film was then etched and well rinsed by Du Pont DP 6018 etchant, RI 9045 rinse solvent. The patterned layer was cured at 120CO to 4000 and is shown in Fig.2 . The Csl was vacuum evaporated on to the patterned wafer. Another scheme is the formation of cap-like patterns which is undercut by the etching process. This patterned substrate produces the same preferably growing sites for Csl deposition. In addition, the undercut part below the cap forms a path that allows liquid to fill into the grooves easily and further fill up to the gaps between the columns by capillary phenomenon. If the liquid is volatile and contains opaque material, after evaporating the liquid, the solute in the liquid will remain in the gaps or on the surface of the columns, hence the side-scattering light is further blocked. For this we used Si wafers which were thermally oxidized to form 1-2J..Lm thick Si02 film as a protection mask. The Si02 film was patterned by photolithography techniques. Then the unprotected part of the Si was plasma etched with a SF6/He gas mixture at a ratio of 2:1 under 160mTorr at the power density of 80mW/cm2 for 25 minutes. The caps are about 33 J..Lm in diameter, l5J..Lm in height and 40 J..Lm center-to-center spacing.
B. Deposition of Csl(Tl)
The deposition rate and substrate temperature were found to be factors which affect the signal yield from Csl layer [5] . The high light yield was obtained at a low deposition rate <3 J..Lm/min and a substrate temperature of 1 OOCO-JSOCO.
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TICl2 Power Thermocouples CsJ Power t is difficult using conventional evaporation techniques to make deposits having the same composition as the source material when the vapor pressures of the constituents Tl and Csi are dramatically different [12] . The vacuum evaporation setup at LBL is shown schematically in Fig.3 , which is designed to avoid the · above-mentioned problem by using two boats to evaporate Csi and dopant Tlh separately. The substrates were mounted above the evaporation boat chimney. The Halogen lamp above the holder supplies the radiant heat to maintain the substrate temperature. In the evaporation process, vapors emanate from a Csi source located in a boat that is heated by direct resistance. When the vapors condense into a solid phase, the latent heat of vaporization will be released, which will cause the substrate temperature to increase. To compensate this temperature increase, the substrate holder was cooled by a water tubing system. The two boats were operated at different temperature according to the desired composition radio of Tl to Csi inside the scintillator. The two rate monitors were placed in each side to monitor the deposition rates of the two sources. In this way, a fixed ratio of Csi to Tl was obtained, i.e., the scintillator layer was made with homogeneous thallium concentration to obtain the highest light yield. Use of this double evaporator incresed the scintillation light yield by ~30%.
C. Microstructure of the deposited Csl(Tl) film
Microstructure of the deposited layer is determined by nucleation and growth of film from the depositing atoms. Nucleation of the depositing atoms will depend on the atom-substrate interactions and the surface mobility of the depositing atoms [13] . Since the Csl vapor atoms will initially interact with the raised portions (pucks) on the substrate, the deposited atoms are preferentially nucleated. By maintaining appropriate substrate temperature to control the surface mobility of the deposited atoms, the further growth can be oriented by the initial nucleation. As shown in Fig. , columns are formed following the substrate patterns . Each column is composed of many pillar-like crystals of several microns diameter grown almost perpendicularly from substrate, as shown in Fig. 4a . It should be noticed that as the deposition continues there is a tendency for the columns to widen or spread especially near the top, and finally to close the gap between the two adjacent columns. To reduce this spreading effect at the columns, as well as to increase somewhat the spacing between adjacent columns, the sample was annealed at SOOCO for a period of about 30 minutes. Such heat treatment causes the Csl in the column to become compacted by forming more perfect grains through recrystallization, so that the diameters of the columns decrease as seen in Fig.4b III. PERFORMANCE OF THE Csi(Tl) FILM
A. Light output vs Tl concentration
The Tl concentration is known to affect the light yield in crystalline bulk crystalline Cs(Tl) [14] . A concentration of 0.1-0.2 mole percentage is required for an optimal light output [15] . The Tl concentrations in the evaporated layers were evaluated by Reflection Fluorescence analysis (XRF) [ 16] . The scintillation light output was measured using a Hamamatsu S 1732-04 silicon photodiode coupled to the Csl(Tl) film. The light output was measured in terms of the number of photoelectrons produced on the photodiode per Mev of energy deposited in the Csl(Tl) film by a calibrated 50 KVp x-ray source. The light yields were plotted against the Tl concentration as shown in Fig.5 . This graph indicates that for a good light yield, the Tl concentration should not be less than 0.02 mole percentage. The heat treatment of the Csl layer, not only changes its morphological structure but also affects the light emission efficiency . Csl samples were annealed at temperatures 200CO to SOOCO for 30 minutes. The light output systematically increases with increasing the annealing temperature. As seen in Fig. 6 , the initial annealing (from 150CO to 250CO) causes a larger increase in the light yield than the higher temperature annealing. This light output effect of the heat treatment indicates that the annealing can cause the Tl atoms to relocate in the Csl by thermal diffusion processes, which therefore create more Tl+ luminescent centers and thus more effectively activate the Csl to emit the light. In addition, it should be emphasized that at the temperatures beyond 550C0 the annealing will degrade the Csl light yield because some of Tl atoms will escape from Csl surface due to the high equilibrium vapor pressure of the Tl. 
C. Radiation Resistance of the bulk and film Csl
A scintillation screen, as the input radiation converter, absorbs most of the incoming radiation energy during long term medical imaging or high rate particle detection. It will undergo radiation damage, thereby decreasing the light yield. Thus there is concern over the sensitivity of the Csi(Tl) film which may limit its use in stable radiation detection, because previous data [ 17, 18] has shown that the pulse height reduction from bulk Csl(Tl) is already significant at a dose level of lGy. We exposed an evaporated Csi(Tl) layer 125 JJ.m thick to various dose levels to determine its radiation tolerance. ·The irradiation was done with a strong y-ray Co-60 source at the irradiation facility at LBL. The nominal activity of the C0-60 source was 6000 Ci .. The Csl sample was placed at calibrated positions 10-30 em away from Co-60 source. An ion chamber detector was used to monitor the dose which determined the exposure time required for the total dose. The signal yield was measured after each exposure. It was normalized relative to its original signal output. Fig.7 also shown the data for a lcm thick crystal Csi(Tl) taken from ref [19] . As shown in Fig. , the dose required to reduce the signal size by a factor of two for this evaporated layer is about 50 times larger than that for 1 em thick bulk Csl sample. The signal loss is systematically larger when the light collection is improved by the AI reflector. This suggests that the radiation damage changed optical transmission properties of the scintillator, in agreement with more detailed studies on crystal Csi [19] .
Generally, there are two origins for radiation damage in Csl [ 19] . One is the intrinsic origin which causes coloration due to the F-center (a negative ion vacancy with one excess electron bound at the vacancy) and to other more complicated color centers. The other is extrinsic, which causes coloration and afterglow due to impurities. Both cause transmission loss of the scintillation light. Recovery from radiation damage, both transmission and light output, has been studied extensively [20, 21] . A small amount of natural recovery was observed in Csl kept in the dark at room temperature for a period· 30 days. Very little recovery was observed with exposure to UV light [20] . However, the quick damage recovery was reported by exposure to sunlight [19] .
D. Fluorescence Decay Time
Csl and Csi(Tl) film with different Tl concentration were deposited by evaporation. The light yield timing spectra were measured by a table-top pulse x-ray system with a timing accuracy of about 100 ps, which combined a stateof-the-art laser diode and a light-excited x-ray tube. The details of this system can be found in ref [22] . Analysis of the decay spectra of the bulk Csi(Tl) crystal which is the source material for the deposited Csl layer resulted in three decay periods: 900 ns, 1500 ns, and 3500 ns. The fast component dominates the total light yield. The rise time of the light peak can be easily found at 80 ns by expanding the time scale of Fig.8a . For the layers made from the above crystal -with different Tl concentrations, the three decay components are still found with the same relative amplitudes, which are independent of Tl concentration. The ultrafast components were clearly observed in these evaporated layers, with intensities which are correlated with the Tl concentration. Fig.8b shown the light yield spectra of the evaporated layers at the Tl concentrations of 0.3 mole percentage and 0.6 mole percentage. The amplitude of the ultrafast component of the sample with less Tl is larger than that of higher Tl one and has two components roughly tl =2 ns, t2=6 ns. The reason for the appearance of this unique ultrafast component in the evaporated layer may be due to the redistribution of the Tl+ luminescent center during the fabricating process of the layer. 
E. Spatial Resolution
The Csi screen spatial resolution ·was evaluated by measuring its line spread function (LSF). The scintillation light spread from evaporated Csl(TI) layers (various thicknesses) was characterized by exposing a scintillator to a narrow beam of X-rays and detecting the light output with a position sensitive detector. The low energy x-ray beam was generated by an x-ray tube operated at 49KVp and viewed through a 25 J..lm wide slit. The penetration depth is small enough so that the most of the irradiation energy could be deposited inside the Csi(TI) film. A linear silicon photodiode array (EG&G Reticon RL0256SBU-001) was used as the light sensor and it had 20 dots/mm resolution. The output signals were digitized and stored in a computer for further analysis. The line spread function for each scintillator was obtained by this method. Fig.9 gives the LSF of Kodak Lanex Screens and Csl layers. The curve a shows the LSF of Lanex Fast Screen 288 mm thick, curve (b) that of non-structured Csl(Tl) crystal layer 220J..!m which exhibits a longer tail than curve (a) due to its good light transmission and curve (c) that of structured Csi(Tl) layer 220J..!m thick with the same light emission efficiency as the Lanex fast screen. The structured Csi(Tl) layer substantially suppressed its light spread by its !auto-collimating structure. Thus it exhibits a narrower LSF that is superior to the Lanex fast screen and the non-structure Csl layer. Curves (d) and (e) are the same thickness 75 J...tm scintillators, Lanex fine screen and structured Csl(Tl) layer. Again, the structured Csl(Tl) layer has a higher resolution than the Lanex screen. The comparison of characteristics of Csi(Tl) layers with Lanex screens are summarized in Table I . The MTF was determined by Fourier analysis of LSF. The MTF of the scintillation screen was obtained from MTFtot by correcting the MTF losses due to the limited width of the x-ray beam and the finite pixel size. The MTFs of the scintillation screens were normalized to unity at zero spatial frequency. The data of Fig.lO show the MTFs corresponding to the LSFs in Fig.9 . Curves (a) and (b) exhibit the same MTF at the high frequency portion. The effect of reducing amplitude at the low frequency portion of MTF of non-structured Csl(Tl) is mainly due to its wider light spread tail. The structured Csl(Tl) curve (c) showed substantial improvement of MTF over curves (a) and (b) at all spatial frequencies. Curve (e) (structured Csl layer) has a spatial resolution at 10% level of up to 12 lp/mm, while the Lanex fine screen has a spatial resolution 9.1 lp/mm at the same level. Further this Csl(Tl) layer has better light yield efficiency, see Table 1 . 15 
IV. CONCLUSION
Owing to the structure of the Csi(Tl) layers, it is possible to use a thicker scintillator layer for achieving higher x-ray absorption without the attendant degradation of resolution. A structured Csi(Tl) layer -llOJ.l.m thick produces twice as much light as a Kodak Lanex Fine screen with the equivalent resolution. Hence x-ray imaging can be carried out with smaller radiation doses. This is obviously advantageous for the patient. The performance of an x-ray imaging system is predominately determined by the input screen converters for the whole range of spatial frequencies which are of practical interest. This makes the Csl screen one of the most essential components in a radiographic imaging system. A minimum Tl concentration of 0.02 mole is required for an optimal light yield. The evaporated Csi(Tl) layer is more resistant to radiation damage than a Csl crystal·; its light output is reduced by a factor of two after 1 o4
Gy exposure. The fluorescent time is predominately within 3 J.l.S for the doped Csl layer. The ultrafast component of the light yield can be enhanced by incorporating less Tl dopant. The measurements and analysis have shown that structured Csi(Tl) layers coupled to a-Si:H pixel arrays or other sensor arrays are good candidates for detectors in 2-dimensional imaging detection.
